The applicability of concentrated solar power for metallurgy of titanium is discussed based on preliminary experimental works performed at Plataforma Solar de Almeria Spain, using solar furnace SF40 under protective argon atmosphere. As a starting material, titanium powder was used. The possibility of melting titanium compacts on yttria stabilized zirconia mat was investigated, and the effect of density and size of different green compacts was studied. It was observed that the time to achieve melting point is very short when concentrated solar power is used. The obtained results are expected to be similar for titanium sponge from which titanium powder is processed. After optimization of processing parameters, this will probably lead to a significant decrease of carbon footprint in the titanium ingots and castings production. of 361 MJ/kg. The world produced 170 kt of titanium in 2016. The overall carbon dioxide footprint seems to be small, but expected increased titanium production, due to the powder metallurgical technologies [5] [6] [7] , indicates that any approach to minimize the titanium GWP is very important.
Introduction
Current production of titanium ingots is exclusively done by the Kroll process [1] . In this process, rutile (natural or synthetic) or titania slag is chlorinated to produce titanium tetrachloride (TiCl 4 ) which is then reduced by magnesium. The result of the process is the titanium sponge that is further vacuum arc melted to the titanium ingots of desired purity.
Another possibility is to use the Armstrong process [2, 3] . This low temperature process enables powder production of a commercially pure titanium and Ti6Al4V alloy by the reduction of titanium tetrachloride by sodium. The process produces powder particles of the "coral-like" morphology. Powders can be milled, consolidated and compacted by traditional powder metallurgy techniques [3] . Sheets and near net shape products are usually produced in this way. Powder is also used for metal injection molding and additive manufacturing. Certain problems in the process of the pure Ti consolidation are due to the presence of sodium in the powder inner pores.
Norgate et al. [4] stated that the light metals such as titanium and aluminum had the greatest "cradle-to-gate" environmental impacts in terms of Global Warming Potential (GWP) and Gross Energy Requirements (GER). They assessed that for titanium production GWP is of 35.7 kg CO 2 e/kg and GER footprint seems to be small, but expected increased titanium production, due to the powder metallurgical technologies [5] [6] [7] , indicates that any approach to minimize the titanium GWP is very important.
Renewable solar energy is one of the possible ways to solve this problem. Recently, it was proved that concentrated solar energy can be successfully used in the solar powder metallurgy of titanium, porous titanium, titanium alloys and compounds and welding of Ti6Al4V [8] [9] [10] [11] . García et al. [10] successfully sintered porous titanium foams in argon atmosphere using NaCl as soluble spacer. Titanium foams were fully sintered at lower temperature and shorter time than in conventional furnace sintering (porosity achieved ranges between 58% and 77%). Kováčik et al. [9] prepared TiC-TiB2 ceramic foams from the mixture of Ti + 15 vol.% B4C powders via solar powder metallurgy. Porosity of the prepared ceramic foams was around 45%, and ignition temperature of the selfpropagating high temperature synthesis was found to be around 1380 °C for the solar powder metallurgy. Romero et al. [11] successfully welded sheets of Ti6Al4V titanium alloy in the flush corner joint configuration in a controlled inert argon atmosphere.
Kováčik et al. [8] showed that it is possible to use concentrated solar energy for sintering of titanium powder in argon atmosphere without applying the pressure. Final porosity below 5% was achieved by varying the sintering temperature and time. Solar sintering gives shorter time in comparison with the common vacuum furnace. Furthermore, during calibration experiments, it was observed that titanium powder can be easily melted ( Figure 1) . The experiments were performed on a molybdenum plate which led to the spill of molten titanium owing to diffusion and formation of (αTi, Mo) solid solution above the transformation temperature of pure Ti-882 °C [12] . It implies that it is necessary to check the possibility of melting the titanium powder green compacts in a solar furnace using a supporting material which reacts less with molten titanium. Refractory materials are more or less reacting with molten titanium, titanium alloys such as Ti6Al4V or TiAl [13] [14] [15] [16] . Yttria and zirconia are mostly used, but both still react with titanium and titanium alloy melts. Yttria is inert, but very expensive. On the basis of previous studies [13, 14] , it was proposed to use the porous yttria-stabilized zirconia mat for preliminary experiments to diminish the reaction as much as possible. Then, the working hypothesis was as follows: If these experiments are successful, it could be the first proof of the fact that the titanium sponge might be melted using solar metallurgy instead of the vacuum arc melting processes in order to produce titanium ingots. This would probably also lead to the decrease of titanium carbon footprint since the renewable solar energy will be used in the titanium metallurgy. Therefore, the aim of the research described in this paper was to investigate the possibility of solar melting of the Ti powder green compacts on an yttriastabilized zirconia mat.
Materials and Methods
HDH (hydrogenated-dehydrogenated)Ti powder (purity 99.4%, Kimet Special Metal Precision Casting Co., Ltd., Hengshui, China) was used for the investigations: Powder was of angular shape It implies that it is necessary to check the possibility of melting the titanium powder green compacts in a solar furnace using a supporting material which reacts less with molten titanium. Refractory materials are more or less reacting with molten titanium, titanium alloys such as Ti 6 Al 4 V or TiAl [13] [14] [15] [16] . Yttria and zirconia are mostly used, but both still react with titanium and titanium alloy melts. Yttria is inert, but very expensive. On the basis of previous studies [13, 14] , it was proposed to use the porous yttria-stabilized zirconia mat for preliminary experiments to diminish the reaction as much as possible. Then, the working hypothesis was as follows: If these experiments are successful, it could be the first proof of the fact that the titanium sponge might be melted using solar metallurgy instead of the vacuum arc melting processes in order to produce titanium ingots. This would probably also lead to the decrease of titanium carbon footprint since the renewable solar energy will be used in the titanium metallurgy. Therefore, the aim of the research described in this paper was to investigate the possibility of solar melting of the Ti powder green compacts on an yttria-stabilized zirconia mat.
HDH (hydrogenated-dehydrogenated)Ti powder (purity 99.4%, Kimet Special Metal Precision Casting Co., Ltd., Hengshui, China) was used for the investigations: Powder was of angular shape and the powder size distribution was determined using Fritch Analysette 22 laboratory equipment with d 50 = 25 µm and d 90 = 46 µm. The powder was compacted by uniaxial pressing at 278 MPa (small sample) and 120 MPa (large sample). The typical geometry of green compacts before melting was as follows: diameter of 15.1/29.2 mm and height of 3.0/5.2 mm for the small and large samples, respectively. The compacts were weighted and finally the porosity was calculated using the known geometry. The calculated porosities were 35 and 41% respectively for the small and large samples.
Sintering experiments were performed in the SF40 horizontal axis solar furnace [17] in PSA under protective argon atmosphere, Almeria, Spain ( Figure 2 ). SF40 is able to deliver up to 40 kW power at the peak concentration ratios exceeding 7000 kW/m 2 in the middle of the concentrated solar spot.
power at the peak concentration ratios exceeding 7000 kW/m 2 in the middle of the concentrated solar spot.
The prepared samples were placed on the yttria-stabilized zirconia mat (400 × 400 × 3 mm) inside yttria-stabilized zirconia mat envelope with a 22/35 mm hole with regard to the sample size. The envelope was used to prevent possible leakage of molten titanium. The samples were positioned into a vacuum/gas chamber. The samples were placed at the optimal focusing distance with regard to the solar spot. The size of solar spot was approximately 120 mm. At first, the chamber was evacuated using a rotary pump (down to 8 × 10 −1 Pa), and subsequently the argon gas flow (150 L/hour under the pressure of 300 kPa, technical purity argon 99.998% with maximal impurities of H2O 5 ppm mol/mol and of O2 5 ppm mol/mol) was used during the tests. The protective argon atmosphere was also used for cooling the glass top of the chamber.
Constant heating rate of 150 K/min was used during the experiments. After reaching the melting temperature of titanium (1668 °C [5] ), the samples were held for 2 min (small) and 4 min (large sample) at a constant input power of solar flux. Finally, the samples were cooled down to the room temperature at a cooling rate of 100 K/min. The heating and cooling rates were manually controlled via shutter opening. The prepared samples were placed on the yttria-stabilized zirconia mat (400 × 400 × 3 mm) inside yttria-stabilized zirconia mat envelope with a 22/35 mm hole with regard to the sample size. The envelope was used to prevent possible leakage of molten titanium. The samples were positioned into a vacuum/gas chamber. The samples were placed at the optimal focusing distance with regard to the solar spot. The size of solar spot was approximately 120 mm. At first, the chamber was evacuated using a rotary pump (down to 8 × 10 −1 Pa), and subsequently the argon gas flow (150 L/hour under the pressure of 300 kPa, technical purity argon 99.998% with maximal impurities of H 2 O 5 ppm mol/mol and of O 2 5 ppm mol/mol) was used during the tests. The protective argon atmosphere was also used for cooling the glass top of the chamber.
Constant heating rate of 150 K/min was used during the experiments. After reaching the melting temperature of titanium (1668 • C [5] ), the samples were held for 2 min (small) and 4 min (large sample) at a constant input power of solar flux. Finally, the samples were cooled down to the room temperature at a cooling rate of 100 K/min. The heating and cooling rates were manually controlled via shutter opening.
The sample temperature was measured using pyrometer (Infratherm IGA5-LO type, temperature range 400-2500 • C, spectral range 1.39 µm, aperture D = 15 mm, focusing distance 4500-7000 mm) [18] using emissivity value of 0.95 [19] . After melting Ti, the pyrometer readings did not give a precise temperature as emissivity is different for the molten Ti. However, it was still possible to keep constant temperature of the melt during the dwell time via pyrometer measurement. The molten state was also independently checked by non-calibrated IR camera (IRCAM EQUUS 327 SM PRO type) [18] .
A typical heating/cooling curve of the solar melting of a large titanium sample with 4 min dwell at the heating rate of 150 K/min is shown in Figure 2 . Heating, dwell and cooling cycle took around 20 min for both experiments.
After the experiments, the Phoenix Nanotom X-ray micro tomography, USA, for nondestructive analysis of the internal structure of materials was used to evaluate the porosity value and to observe spatial porosity distribution in the solar melted samples.
LECO ONH836 analyzer was used to determine the concentration of the O, N and H elements in the molted titanium samples. JEOL 7600F scanning electron microscope equipped with a Schottky thermal-emission cathode as well as the energy and wavelength spectrometers from Oxford Instruments was used for investigating the reaction of the molten titanium with yttria-stabilized zirconia mat.
Results and Discussion
The experiments proved that it is possible to completely melt the powder metallurgical compacts on the yttria-stabilized zirconia mat ( Figure 3 ). The melting point was indicated by a sharp increase of the temperature measured by pyrometer at around 1670 • C, as shown in Figure 2 . It was also qualitatively confirmed by the infrared camera which enabled us to investigate qualitatively local differences in temperature distribution inside the sample, as indicated in Figure 4 . The use of infrared camera enabled us to control the position of the middle of the solar spot with regard to the sample during experiments. The experiments confirmed that, within 20 min, it is possible to heat the green powder compact up to the melting temperature, hold the samples for 2 or 4 min according to the sample size, and cool them to the room temperature under protective argon atmosphere. The mass of the used samples was around 1.6 g for the small one, and 9.2 g for the large one. This implies that not only less energy but also a shorter time can be expected in the case of solar metallurgy of titanium in comparison with the vacuum arc melting technology after optimization of the technology for industrial scale. Figure 3 indicates that after melting, the original disk shape of samples changes to the droplet shape. The droplet shape is the result of the minimizing the entropy via minimizing the surface to the volume ratio of the melt. This was also confirmed by X-ray tomography. As Figure 5 indicates, the small sample final shape is that of an irregular droplet. The wetting angle above 90 • was observed at the rough yttria-stabilized zirconia mat-argon-molten titanium triple point. This value indicates low wetting and relatively low interactions through the interface, and is consistent with the results observed by Zhu et al. [14] for porous and rough interfaces between the molten titanium and yttria-stabilized zirconia substrates at 1700 • C. Some local interaction probably took place owing to the impurities on the surface of the used yttria-stabilized zirconia mat (water and gas adhered to the surface/volume). This can explain the irregular final shape of the small sample.
From an industrial point of view, solid titanium needs to be fully dense. Since the technology is not optimized yet, it was necessary to determine porosity level of samples (Table 1) . As the experiments were performed in argon atmosphere (possible gas entrapping inside the melt), it was also necessary to determine the precise information about spatial distribution of porosity and size of pores ( Figure 5 ). X-ray tomography showed that some residual porosity is trapped inside the small sample (2.4% final porosity). In that case, pores are small (of a micro meter size), and the gas is entrapped inside the sample. On the contrary, in case of a large sample (3.7% final porosity), the largest porosity bubbles of a millimeter in size are in the vicinity of the upper surface of the droplet, as shown in Figure 6 . If the sample is either held on the melting temperature for a longer time, or the temperature of the melt is increased, the gas bubbles will probably coalescence with the surrounding atmosphere and disappear. It can be concluded that, via the complex optimization of the dwell temperature of the melt and dwell time, porosity can be probably almost diminished. From an industrial point of view, solid titanium needs to be fully dense. Since the technology is not optimized yet, it was necessary to determine porosity level of samples (Table 1) . As the experiments were performed in argon atmosphere (possible gas entrapping inside the melt), it was also necessary to determine the precise information about spatial distribution of porosity and size of pores ( Figure 5 ). X-ray tomography showed that some residual porosity is trapped inside the small sample (2.4% final porosity). In that case, pores are small (of a micro meter size), and the gas is entrapped inside the sample. On the contrary, in case of a large sample (3.7% final porosity), the largest porosity bubbles of a millimeter in size are in the vicinity of the upper surface of the droplet, as shown in Figure 6 . If the sample is either held on the melting temperature for a longer time, or the temperature of the melt is increased, the gas bubbles will probably coalescence with the surrounding atmosphere and disappear. It can be concluded that, via the complex optimization of the dwell temperature of the melt and dwell time, porosity can be probably almost diminished. LECO ONH836 analyzer was used to determine the concentration of the O, N and H elements in the melted titanium samples. Analysis showed (Table 2 ) that the concentration of oxygen increased during solar melting owing to the reaction with the yttria-stabilized zirconia mat, even in comparison to the results observed during solar sintering of the same titanium powder type for 30 min at 1329 °C [8] . As for the nitrogen and hydrogen concentrations, almost no significant changes were observed in comparison with solar sintering. It can be concluded that the final concentration of O, N and H is ruled primarily by their concentration in the used HDH Ti powder and by interaction of molten titanium with the yttria-stabilized zirconia mat. Scanning electron microscopy confirmed that the molten titanium surface in contact with the yttria-stabilized zirconia mat reacted with the mat elements, so that residual parts of mat were clearly visible on the samples surface after cleaning in ethanol (Figure 7) . Larger sample size together with LECO ONH836 analyzer was used to determine the concentration of the O, N and H elements in the melted titanium samples. Analysis showed (Table 2 ) that the concentration of oxygen increased during solar melting owing to the reaction with the yttria-stabilized zirconia mat, even in comparison to the results observed during solar sintering of the same titanium powder type for 30 min at 1329 • C [8] . As for the nitrogen and hydrogen concentrations, almost no significant changes were observed in comparison with solar sintering. It can be concluded that the final concentration of O, N and H is ruled primarily by their concentration in the used HDH Ti powder and by interaction of molten titanium with the yttria-stabilized zirconia mat. Scanning electron microscopy confirmed that the molten titanium surface in contact with the yttria-stabilized zirconia mat reacted with the mat elements, so that residual parts of mat were clearly visible on the samples surface after cleaning in ethanol (Figure 7) . Larger sample size together with longer dwell time led to an increased reaction with the yttria-stabilized zirconia mat. Figure 8 indicates that, besides significant oxygen presence on the surface, localized zirconia fibers could also be observed on the sample surface. Increased concentration of oxygen was also clearly visible in the zirconia fibers.
The area analyses were performed at three different locations, and the average concentration of the observed elements were determined (Table 3) for both samples on the upper surface, and also on the bottom reaction surface. The oxygen concentration (in wt.%) raised almost twice on the reaction surface in comparison with the upper surface. On the reaction surface, zirconium and yttrium were also observed. longer dwell time led to an increased reaction with the yttria-stabilized zirconia mat. Figure 8 indicates that, besides significant oxygen presence on the surface, localized zirconia fibers could also be observed on the sample surface. Increased concentration of oxygen was also clearly visible in the zirconia fibers. The area analyses were performed at three different locations, and the average concentration of the observed elements were determined (Table 3) for both samples on the upper surface, and also on the bottom reaction surface. The oxygen concentration (in wt.%) raised almost twice on the reaction surface in comparison with the upper surface. On the reaction surface, zirconium and yttrium were also observed.
It can be concluded that the reaction of molten titanium with the yttria-stabilized zirconia mat significantly increases oxygen content on the reaction surface. On the contrary the observed volumetric increase was relatively small. To summarize, it was confirmed that solar metallurgy of titanium is possible. Furthermore, it is necessary to determine the proper solar metallurgy parameters (heating rate, dwell temperature of the melt and dwell time) for required weight for titanium castings/ingots. It will be the subject of the next research together with the possibility to melt compressed titanium sponge using concentrated solar power. Only after these works are finished can it be precisely determined in what amount the carbon footprint of titanium production could be decreased by solar metallurgy. longer dwell time led to an increased reaction with the yttria-stabilized zirconia mat. Figure 8 indicates that, besides significant oxygen presence on the surface, localized zirconia fibers could also be observed on the sample surface. Increased concentration of oxygen was also clearly visible in the zirconia fibers. The area analyses were performed at three different locations, and the average concentration of the observed elements were determined (Table 3) for both samples on the upper surface, and also on the bottom reaction surface. The oxygen concentration (in wt.%) raised almost twice on the reaction surface in comparison with the upper surface. On the reaction surface, zirconium and yttrium were also observed.
It can be concluded that the reaction of molten titanium with the yttria-stabilized zirconia mat significantly increases oxygen content on the reaction surface. On the contrary the observed volumetric increase was relatively small. To summarize, it was confirmed that solar metallurgy of titanium is possible. Furthermore, it is necessary to determine the proper solar metallurgy parameters (heating rate, dwell temperature of the melt and dwell time) for required weight for titanium castings/ingots. It will be the subject of the next research together with the possibility to melt compressed titanium sponge using concentrated solar power. Only after these works are finished can it be precisely determined in what amount the carbon footprint of titanium production could be decreased by solar metallurgy. It can be concluded that the reaction of molten titanium with the yttria-stabilized zirconia mat significantly increases oxygen content on the reaction surface. On the contrary the observed volumetric increase was relatively small.
To summarize, it was confirmed that solar metallurgy of titanium is possible. Furthermore, it is necessary to determine the proper solar metallurgy parameters (heating rate, dwell temperature of the melt and dwell time) for required weight for titanium castings/ingots. It will be the subject of the next research together with the possibility to melt compressed titanium sponge using concentrated solar power. Only after these works are finished can it be precisely determined in what amount the carbon footprint of titanium production could be decreased by solar metallurgy.
Conclusions
The titanium green compacts were successfully melted using SF40 solar furnace under protective argon atmosphere at PSA, Almeria, Spain. No flow of molten titanium was observed when the yttria-stabilized zirconia mat substrate was used. Two green compact disks of sizes of Ø 15.1 × 3.0 mm and Ø 29.2 × 5.2 mm were melted. The melting times were significantly short for both of them (around 20 min to melt 1.6 g and 9.2 g of titanium, respectively).
The final shape of the samples was changed owing to the minimizing of the surface to volume ratio. Small sample droplet was irregular. X-ray tomography enabled us to calculate final porosities, which were 2.4% for the small sample and 3.7% for the large one. In the small sample, the porosity is incorporated mostly within the sample volume. In the large sample, the porosity is localized in the vicinity of the upper surface of the droplet. It can be expected that optimization of the dwell temperature of the melt and the dwell time can significantly diminish the porosity.
Furthermore, reaction of the molten titanium with the yttria-stabilized zirconia mat was observed. This reaction significantly increased the oxygen content on the reaction surface. On the contrary, the observed volumetric increase was small in the case of the used short dwell times. Principally, there was no ceramic mold material completely resistant to reactions with molten titanium. Therefore, increased attention was also paid to non-oxide materials such as graphite, zirconate refractories and nitrides. Thanks to the composite coating method, the cost of the titanium casting can be reduced by controlling the interfacial reactions [16] .
The presented results could be significant from the point of view of climatic changes. After optimization and proper application in the titanium production, utilization of renewable solar energy can decrease the carbon footprint of titanium ingot production. Of course, the technology can be used only in the titanium producing countries where solar energy can be effectively employed. In the case of bad weather, the process can be stopped, and then it can continue again in the case of good weather, most probably without a decrease in quality. It currently concerns China, Kazakhstan, India, USA, Australia and Saudi Arabia. Owing to shorter melting times, the results will lead to a significant decrease in titanium costs. The industrial exploitation and development of the solar metallurgy of titanium and titanium alloys will need more effort in the field of scientific and technological base research in the near future.
